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THIS INVENTION relates to a process for the production of composite 
materials, structures and/or artifacts wherein a cementitious matrix is strengthened 
or reinforced by reinforcing material. The invention also relates to such composite 
materials, structures and/or artifacts, particularly when produced by means of said 
propess. 

According to the invention, in the production of a composite material, 
structure or artifact which comprises a cementitious matrix which is strengthened 
or reinforced by reinforcing material to which the matrix adheres, by bririging a 
reinforcing component into contact with a cementitious component which is in a 
castable or settable state, and causing or allowing the cementitious component to 
set in contact with the reinforcing component, thereby to form a cementitious 
matrix which bonds adhesively to the reinforcing component to form an adhesive 
bond tlierebetween. there is provided a process for enhancing adhesion of the set 
matrix to the reinforcing material, which process comprises the step, prior to 
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bringing the components into contact with each other, of subjecting the reinforcing 
component to surface activation thereof, the surface activation being effected by 
exposing the surface of the reinforcing component to an activating atmosphere 
which is a gas/vapour mixture which contains: 

at least one fluorine-containing gas which acts to fluorinate the surface; 
at least one oxygen-containing gas which reacts with the surf ace so tt»>t the 
activating atmosphere acts to activate the surface by oxyfluorination; and 

water vapour which acts to promote a high bond strength, when exposed 
to shear-inducing forces, of the adhesive bond between the cementjtious matrix 
and. the reinforcing material. 

'■ The cementitious matrix may have a relatively low tensile strength 

and/or low fracture toughness, while the reinforcing material may have a relatively 
high tensile strength. As indicated above, the matrix will be of a set cementitious 
material, such as a cement, a concrete, a cementitious mortar or the like, formed 
from a cement-containing castable or settable cementitious compppent. 

The reinforcing material will thus be solid at ambient temperatures and 

« 

may comprise particles such as granules, or, in particular, fibres of a polymeric 
hydrocarbon i.e. a hydrocarbon polymer. In one embodiment, the hydrocarbon 
polymer is a polyhydrocarbon which consists only of hydrogen and carbon, being, 
for example, a polypropylene or a polyethylene, such as an ultrp high. mass 
polyethylene (UHMPE). The polypropylene may form part of a mixture or blend of 
twQ or more such hydrocarbons, which may be of a type selected from 
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hydrocarbon homopolymers and copolymers such as block copolymers,, random- 
or statistical copolymers and graft copolymers, and from higher polymers such as 
terpolymers, containing only hydrogen and carbon. In other embodiments the 
hydrocarbon polymer may comprise a polymer of an olefin which does not contain 
only carbon and hydrogen, but which also contains constituents other than on,ly 
carbon and hydrogen, also being of a type selected from homopolymers or 
copolymers such as block copolymers, random-or statistical copolyn.ers,;.graft 
copolymers, or higher polymers such as terpolymers, for example being p.olyamides 
(nylons), aramids (kevlars) or acrylonitrile butadiene styrenes (ABS polymers), one 
or more of which olefins is a monomer with a constituent other than hydrogen or 
car^pn. The polymer having a constituent other than hydrogen or carbon may 
exhibit a contact angle with regard to liquid water of >90o before activation 
thereof to oxyfluorinate its surface in accordance with the method of the present 
invention. Blends or mixtures which are employed as reinforcing components'may 
be formed by physically blending their constituents or by polymerizing their 
constituents together in a reactor. Whatever the nature of said reinforcing 
component, its contact angle with water may, however, be >90° before 
activation so that, before the activation, it is poorly wettable by water. In still 
further embodiments the reinforcing material may be selected from materialS:Other 
than polymeric hydrocarbons but which have surfaces which can be activated by 
the .activating atmosphere, such as carbon. 

The reinforcing component may be fibrous in nature, comprising 
particles which are fibres, normally in cut form, and which, on the one hand, have 



a length, and, on the other hand, have a width, breadth or thickness being variable 
ovenja wide range, depending on their application, from sonnewhat larger than 1 :1 
up to 10,000:1 ornnore. 

The fibre lengths may be 2-600mm, typically 6-50mm, and the fibre 
widths, breadth or thicknesses may be 1-10,0p0/ym, typically 1 5-7,000/ym. The 
proportion of fibres in the substrate or matrix can vary over a wide range, bgt it is 
expected that it will be at least 0.005% by volume. Typically, the fibres are 
manufactured as continuous monofilaments of regular cross-section, suc/i as 
circular or rectangular, which monofilaments are then chopped into short discrete 
fibres, or are manufactured as fibrillated films or tapes. Fibres of polypr.opylenes, 
are believed to be particularly suitable in view of their alkali-resistance in the 
alkaline environment of the cementitious matrix, their relatively high melting point, 
and their relatively low cost. 

The composite material, structure or artifact may then be formed by 
mixing the fibres with the cementitious component, when the cementitious 
component is in castable, mouldable, extrudable or flowable form, e.g. in powder, 
slurry, paste or liquid form to form a mixture, and shaping the mixture into a 
product such as a structure or artifact, e.g. by casting or moulding, after which the 
cementitious component is allowed or caused to set to form the matrix material, 
thereby adhesively securing itself to the fibres. Thus, the composite material, 
structure or artifact can be formed in known fashion such as by means of 
premixing, spray-up, shotcreting, a pulp-type process, hand lay-up, or continuous 



prod^uctlon. The fibres of the reinforcing material are preferably uniformly but 
randomly distributed throughout the cementitious matrix of the composite material, 
stru^^ture or artifact. 

In another embodiment of the invention, the reinforcing component 
may be In the form of a bar, rod, grill, sieve, mat, mesh, web, shaped reinforcing 
element, or fibre sheeting. When in the form of a bar or rod, the reinforcing 
component may be relatively short or long, in the fashion of steel reinforcement. 
The mat, when used, may be perforated, such as a polyethylene mat available in 
South Africa under the trade mark "LOKFLOR" from Dita Products (Proprietary) 
Limited of 1 38 Axle Road. Devland, Johannesburg, South Africa. The mesh, when 
used, may be cast or woven. The shaped reinforcing element, when used, may be 
a bar or rod of X or Y cross-sectional shape. The fibre sheeting, when used, may 
be woven or felted. Indeed, the reinforcing component may be of any other 
suitable shape and dimension, provided that it has said oxyfluorinated surface. The 
reinforcing component will then be embedded in the cementitious matrix. This may 
be effected by locating it in the cementitious component while the latter is in 
castable, extrudable or flowable form, after which the cementitious component is 
caused or allowed to set to form the matrix material, thereby adhesively to secure 
itself to the reinforcing component. 

V " • 

In a yet further embodiment of the invention, the reinforcing 
component may be secured, as a surface layer such as cladding, .to the 
cementitious component, thereby to reinforce the cementitious component and 
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thus form the composite structure or artifact, in this case the cementitious 
component may be cast in contact with the surface-activated surface reinforcing 
layer. In particular, the composite artifact may be a pipe wherein the reinforcing 
coniionent Is adhesively attached to the cementitious component, said 
components being tubular and the reinforcing component forming an internal and/or 
external lining for the cementitious component, adhesively secured thereto by a 
cementitious adhesive bond, the surface of the reinforcing component wh^h.is 
adhesively secured to the cementitious component being oxyfluorinated in th.e 
presence of water vapour in accordance with the invention. ., uy 

Exposing the surface of the reinforcing component to the activating 
atmosphere will be under conditions of pressure and temperature, and fpr a 
reaction time, selected to provide the surface with desired properties. The fluorine- 
containing gas may be fluorine itself (F^), or it may be made up of one or more 
other suitable fluorine-containing gases, examples of which are fluorinated noble 
gases such as XeF2. or f luorohalogens such as GIF, CIF3, BrF, BrFg, BrFg, and IF7, 
or oxides of flourine such as OF2 or O^?^ so that. In other words, the activating 
atmosphere may include at least one fluorine-containing gas selected from the 
group consisting of P^' ^^^2' ^'^3- ^rF, BrFg. BrFg, IF7, OF^ or O^F^ and 
mixtures of at least two such gases. The oxygen-containing gas may be selected 
from the. group consisting of O3 and mixtures thereof. Optionally, the 
activating atmosphere may include. In addition to any fluorine-containing gas, any 
oxygen-containing gas and any further reactive gas, also at least one inert - or 
diluent gas which is Inert to, and does not react with, the reinforcing component 
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surface, such as helium, argon or, in particular, nitrogen {N2). Thus, in particular, 
the 'activating atmosphere may be a mixture of fluorine gas and moist air, having, 

V 
1 

as constituents, °2' "^2' water vapour. 

The reaction conditions may vary between relatively broad limits. 
Thus, exposing the reinforcing component surface to the activating atmosphere 
may be for a period of 0.10 seconds - 10 hours, at a total pressure of the 
activating atmosphere of 0.1 l<Pa - 500 l<Pa and at a temperature of the su/face 
of the reinforcing component and activating atmosphere of above 0** C at which 
the reinforcing component is solid. Furthermore, in the activating atmosphere, the 
fluorine-containing gas may have a partial pressure from as low as 0.01 kPa up to 
as high as 200 kPa, when the fluorine-containing gas is Preferably, thus, the 
activation is effected by exposing the reinforcing component to the activating 
atmosphere at a pressure of 1 - 200 kPa, more preferably 5-150 kPa, and at a 

i 

temperature above 0«'C and below the melting point of the material of ^he 
reinforcing component, i.e. typically 20-1 OO^C. Reaction times which are short 
have been found to be feasible, for example 0.1-60 seconds, typically 0.1-10 
seconds or even 0.1-1 seconds. 

The activating atmosphere may, in addition to its comprising a 
fluorine-containing gas, an oxygen-containing gas, water vapour and any inert or 
diluent gas used, contain also at least one further reactive gas selected from 
halogens other than fluorine, such as chlorine (CI2), bromine (Br2) or indeed .Iodine 
{I2) vapour, or selected from oxides of sulphur, oxides of nitrogen and .oxides of 



carl:jon, interhalogen compounds or mixtures thereof. The proportion of tjne 
fluorine-containing gas in such gas mixtures can vary within wide limits. Thus, the 
fluorine-containing gas may form 0,1-99,0 % by volume of said mixture, typically 
1 -.30% by volume thereof. Particularly preferred gas mixtures include those 
com^prising 5 - 20% by volume of fluorinating gas such as F2 and 5-95% by 
volume oxygen {O2). The water vapour content of the activating atmosphere may 
be such that it has a relative humidity of 0.1 -99%, preferably 50 - 80%. 

In particular, the activating may be such as to provide the reinforcing 
component with a surface tension at 20^C of at least 40 mN/m. Whilp the 
activating may be such as to provide the activated surface with a relatively low 
surface fluorine concentration, e.g. in the range of 0.01 //gF/cm^ - 50//gF/cm^, 
higher surface fluorine concentrations of above 50 //gP/cm^ are obtainable, if 
desired. In a particular embodiment, the fluorine-containing gas may be being 
pre$.ent in the fluorinating atmosphere at a partial pressure of 0.01 kPa - 200 kPa, 
the/ exposing of the surface of the reinforcing component to the activating 
atmosphere being such as to provide the surface with a surface fluorine 
concentration of 0.01-50 //gP/cm^. 

The process may include, prior to the activation step, the step of 
degreasing the reinforcing component, for example, by washing the reinforcing 
component with water and a detergent followed by rinsing it with water and then 
treating it with isopropanol or another suitable organic solvent such as those used 
in the motor trade for dislodging grease or oil. The method may include, after the 
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activation and before mixing, optionally hydrolysing the activated surface by 
subjecting it to a hydrolysis step, e.g. by leaving it in moist air, or immersing it in 
wat;er, in each case for a suitable period. In a particular embodiment the method 
may include, prior to activating of the surface, the step of degreasing the surface, 
and,, after the activating of the reinforcing component and before its contact with 
the cementitious component, the step of hydrolysing the activated surface.' 

Exposing the reinforcing component to the activating atmosphere may 
be in a reaction chamber or a reaction vessel, which has been flushed by means 

i 

of the activating atmosphere, and may be carried out on a continuous basis or on 
a batchwise basis. If carried out on a continuous basis, exposing the reinforcing 
component to the activating atmosphere may be effected in in-line fashion by 
continuously transporting the reinforcing component through a reaction chamber, 
which may be open-ended, containing the activating atmosphere. The activating 
atmosphere may, if desired, be subjected to ultra-violet (UV) radiation, during the 
expfosure of the reinforcing component thereto. 

i 

Naturally, routine experimentation will be carried out with regard to 
the'various parameters such as activating atmosphere compositions and pressures, 
reaction times, temperatures and pressures, reinforcing component compositions 
and the fluorine and oxygen surface concentrations and surface tensions achieved 
thereon, to achieve optimum, or at least acceptable, results, bearing practical and 
economic considerations in mind. 
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According to another aspect of the invention, there is provided a 
composite material, structure and/or artifact which comprises a set cementitious 
matrix strengthened or reinforced by reinforcing material to which the cementitious 
matrix adheres, the matrix comprising a settable cementitious component which 
has set in contact with a reinforcing component to form a cementitious matrix in 
contact with a reinforcing material comprising said reinforcing component and 
which adheres thereto, by means of an adhesive bond, the reinforcing component 
having an oxyfluorinated surface to which the cementitious matrix adhere^, the 
composite material, structure and/or artifact having been produced by the process 
of the present invention. , . 

The invention will npw be described, by way of illustrative example, 
with reference to the following Examples and with reference to the accompanying 
diagrammatic drawings, in which Figure 1 shows a three-dimensional view of a test 
sample used for the fibre pull-out tests described hereunder with reference to 
Examples 1 and 2; 

Example 1 - Invention 

! 

Monofilament polypropylene fibres were produced by direct 
extrusion to have a rectangular cross-section nominally of O.Smm^x 
1 ,3mm, the fibres having a length of 40mm, a specific gravity of 
0.91, a tensile strength of 120l\/IPa and an elongation at break of 
14%, The fibres were loaded under a moist ambient air atmosphere 
into a vacuum reaction vessel and the vessel was evacuated down to 
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an absolute pressure of 1 5 kPa. The vessel was then loaded with a 

20% F2/80%N2 (by volume) gas mixture up to a pressure of 45 kPa 

at- a temperature of 38°C, to form an activating atmosphere in 

accordance with the present invention. The fibres had their surfaces 

activated by allowing them to remain in contact with the activating 

atmosphere in the vessel for 2.5 hours at 38° C, after which tl^e 

vessel was flushed with ambient air. During this contact the surfaces 

of the polypropylene fibres were activated by oxyfluorination, in the 

presence of water vapour, by oxygen from the air at 1 5 kPa present 

in the vessel after evacuation, and by fluorine from -the F2/N2 gas 

mixture added, the water vapour also being derived from the air at 1 5 

kPa remaining in the vessel after the evacuation and providing the 

activating gas at 45 kPa with a relative humidity of approximately 

18%. ... 

Example 2 - Control - . 

Example 1 was repeated except that the air at 1 5 kPa present 
in the vessel before loading of the F2/N2 gas mixture was replaced 
by a dry mixture of 21 % 02/79%N2 (by volume). This was effected 
by evacuation of the vessel down to a hard vacuum at effectively 
zero pressure for purposes of practical utility, followed in turn by 
loading of the O2/N2 mixture into the vessel and loading of the F2^'^2 
mixture into the vessel. 



A highly f lowable and readily castable and snnoothable mortar mix was 
prepared by mixing together ordinary Portland cement with dried natural river sand 
and water in a cement:water:sand mass ratio of 1:0.52:2. The river sand had a 
maximum particle size in the range of about 2-4.7mm and an average particlp size 
in the range of about 0.6-1. 5mm. Mixing was effected mechanically until the 
mixture was homogeneous. Fibre pull-out tests were then conducted on dumb- 
bell-shaped specimens, one of which is indicated by reference numeral 1 0 in Figure 
1, prepared by casting fresh mortar mix into dumb-bell-shaped polymethyl- 
methacrylate moulds.j Each specimen had a thickness T of 20mm and a maximum 
width W of 51mm, and had a waist 12 which divided It into two lobed parts 14. 
A plastics sheet 1 6 at the waist 1 2 separated the parts 1 4 from each other to 
prevent bonding therebetween. One of the monofilament fibres, after surface 
activation, was embedded at 20 in the specimen 12 to extend along its polar axis 
1 8, with half (20mm) of its length embedded in each lobed part 14. The specimen 
was then allowed to set to form a set cementitious matrix in which the reinforcing 
component formed by the fibre 20 was embedded, adhesive cementitious bonding 
taking place between the fibre 20 and the matrix. The cast specimens were cured 
respectively for 7 and 28 days in water at a temperature if 21-25°C. The strength 
of the adhesive interfacial shear bond between the fibre 20 and the cementitious 
matrix was measured using a tensile testing machine equipped with a 500N 
transducer and a data-logging system, operating at a pull-out rate of 2mm/minute. 
The interfacial shear bond strength was calculated by dividing the maximum shear 
bond force attained by the bonding area of the fibre, i.e: 
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interfacial sUear= ^A T LTe T i w S l f . ot l.b.t^) k2 

bond strength *' . • 

The units of the shear bond force and length are selected so 
that the interfacial shear bond strength is obtained in MPa. The fibre 
pull-out test results are presented in the following table; Table 1 , for 
fibres produced by both Example 1 and Example 2, and in each case 
after 7 and 28 days' curing time respectively, five specimens being 
tested in each case. 



TABLE 1 



cthfiar bond strfinqth (MPa) 
(7 riayf?' curino ) 

0.40 
0.49 

Example 1 0.58 
0.50 
0.44 


Qh**"- bnnd strength (MPa) 
(9R days' curino) 

0.33 
0.45 
0.55 
0.46 
0.50 

.*' 


Average 


0.48 


Average 


0.46 


Example 2 


0.42 
0.39 
0.48 
0.35 
0.37 




0.33 
0.39 

0.38 . ' 

0.40 

0.44 


Average 


0.40 


Average 


0.39 



. From Table 1 it emerges that the average interfacial bond 
strengths of the fibres treated according to Example 1 (Invention) 
were 0.48MPa and 0.46MPa respectively after 7 and 28 days' curing. 
The corresponding values for Example 2 (Control) were respectively 
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0.40MPa and 0.39MPa, respectively showing an increase of 20% 
after 7 days' curing and of 1 8% after 28 days' curing, compare.d with 
the control. 



FXAMPLE ^ - Invention 



Example 1 was repeated using polypropylene fibres which were 
formed from fibrillated polypropylene tape produced by extrusion 
followed by a fibrillation process. The fibres had a nominal 
rectangular cross-section of 0.097mm x 7.5mm, being 36mm in 
length, with a specific gravity of 0.91 , a tensile strength of 1 28MPa 
and an elongation at break of 5.3%. 



pyAMPLE 4. - Control 



Example 2 was repeated using the fibrillated fibres of Example 3. 

A proprietary cementitious mixture, Concor HT Wetcrete, obtained 
from Concor Technicrete (Proprietary) Limited, of 13 Church Street, Crown 
Industrial Area, Johannesburg, South Africa was prepared to form a shotcrete 
mixture and was admixed with fibrillated fibres whose surfaces had been activated 
in accordance with Examples 3 and 4 respectively. 



The constituents of the mixture, including the aggregate and flbres, 
were admixed in a mechanical mixer which was connected to a spray nozzle by 
means of a peristaltic conveyor system. The proportion of fibres admix;ed with the 
shotcrete amounted to 9kg flbres/m^ shotcrete. As soon as the mixture became 
homogeneous (i.e. after It was mixed for a period of about 4 minutes) It was 
passed along the peristaltic conveyor system and sprayed through the spray pozzle 
into a mould to spray-cast a square panel or plate having sides of 600mm and a 
thickness of 100mm. After the spray-casting, the panel or plate was left i.n the 
mould under air for 3 days, after which the panel or plate was water-cured for 25 
dayjs before energy-absorption tests were conducted on the panel or plate. 

The energy-absorption tests were carried out by supporting each panel 
or plate along its 600mm edges while centre-point-loading was applied thereto over 
a central square area having sides of 100mm, respectively parallel to the 600mm 
sides of the panel or plate. The load was applied to the face of each panel or plate 
opposite to the direction from which the mixture arrived in the mould fr>6m the 
spray nozzle, i.e. the load was applied to the face of the panel or plate which, 
during the spray-casting, had rested on and abutted on the 600mm x 600mm floor 
of the mould which faced upwardly, the spraying taking place downwardly, from 
the spray nozzle Into the mould and on to the floor. 

I 

The panel or plate containing the fibres whose surfaces had been 
surface-activated in accordance with Example 3 was found to display a total 
energy absorption of 1096 joules(J), whereas the control panel or plate whose 
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fibres had been surface-activated in accordance with Example 4- was found to 
display a total energy absorption of 688 J, i.e. the use of th6 activ^ation 
atmosphere of Example 3 led to an increase of 59% In energy absorption of the 
panel or plate, compared with Example 4. Furthermore, while the load.bearing 
capacity of the latter panel or plate was found to decrease from 67kN, 
progressively over a deformation range of 5-25m to a value of 7kN, the load- 
bearing capacity of the former was found to decrease at a slower rate from 54kN. 
progressively over the same deformation range to a value of 26kN. Thus, the 
panel containing fibres activated in accordance with Example 3 (invention) had a 
3.7 times higher residual load-bearing capacity than the control panel whose fibres 
had been activated in accordance with Example 4. 
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